Abstracf. We report the progress made in assessing the potential of compact, quasi-axisymmetric stellarators as powerproducing reactors. Using an aspect ratio A=4.5 configuration derived from NCSX and optimized with respect to the quasiaxisymmetry and MHD stability in the linear regime as an example, we show that a reactor of 1 GW(e) maybe realizable with a major radius 58 m. This is significantly smaller than the designs of stellarator reactors attempted before. We further show the design of modular coils and discuss the optimization of coil aspect ratios in order to accommodate the blanket for tritium breeding and radiation shielding for coil protection. In addition, we discuss the effects of coil aspect ratio on the peak magnetic field in the coils.
I. INTRODUCTION
Stellarators with an underlying quasi-symmetric magnetic field structure have attracted intense interests in recent years because of the favorable particle drift trajectories in such configurations. In particular, compact, quasi-axisymmetric devices, which combine the feature of good particle orbits of a tokamak and the potential of being able to operate with MtLD stable plasmas that are resistant to disruption at high pressure afforded by the three-dimensional shaping, open a new window of opportunity for confining steady-state, high p plasmas in magnetic fusion. A low aspect ratio (A=4.5), proof-of-principle device, NCSX, the National Compact Stellarator Experjment, is being designed and operation is expected to commence in 2007 [1] [2] . In conjunction with the development of NCSX, a reactor studies project, ARIES-CS, has been initiated to examine the competitiveness and the critical issues of compact stellarators as power producing reactors.
The development of NCSX as well as the recent reactor configurations €or ARIES-CS is made possible by the advent of efficient optimization involving a large number of state variables as well as constraint functions. In arriving at a configuration, a number of optimization steps may be involved. Typically, the optimization of plasma properties, such as the amount of rotational transform or MHD stability, is accomplished by varying the shape of the last closed magnetic surface (LCMS), which is described frequently by a double Fourier series in some toroidal and poloidal angles. The coil configuration that would reproduce the desirable plasma is then "reverse engineered" by matching the normal component of the magnetic field intensity from the plasma and coils on the LCMS. Coil shapes and locations are varied in this case, typically involving several hundred variables. Due to discrete nature of the coils, using the "reverse engineering" to obtain a coil design often results in the degraded performance of the plasma. Thus, direct optimization of plasma properties simultaneously with parameters important for operational considerations (e.g., scrape-off layer thickness) and coil engineering (e.g., coil-coil spacing, bend radii, current density) may be required as a final step, again by representing coil structure as the state variable.
The optimizer we built allows multiple target and constraint functions that can be "plugged-in" as individual modules. The target modules include parameters concerning the basic properties such as the magnetic shear, magnetic we11 depth, and the amount of external rotational transforms. Included are also measures of MHD stability such as modes of external kinks, vertical displacement, and infinite-n ballooning, and figure of merits for transport, such as the effective ripple or diffusion coefficient evaluations, and the loss of collisionless fast ions. A discussion of optimization of the plasma properties for NCSX and ow recent work for the minimization of a losses may be found in [3] [4] .
For a power-producing reactor, there are additional important parameters needing careful considerations. Chief among these is the coil aspect ratio, the ratio of the major radius to the minimum separation between LCMS and the centerline of the coils, which perhaps is one of the most important parameters determining the size and therefore the cost of a reactor. The constraint of the maximum magnetic field in the coil body in the design of super-conducting magnets is also critical, as well as the impact of coil topology on remote maintenance and the systems optimization of the cost of electricity. In this paper, we show, by way of a sample configuration, that a lGW(e) reactor may be realizable with a major radius 58 m. This is significantly smaller than the ones previously attempted, e.g., those in [5]. We emphasize that the development of a compact stellarator reactor is still at an early stage that we have yet to pull all aspects of plasma physics and coil engineering together into a coherent design.
However, it is important to illustrate that the potential of designing compact stellarator reactors exists that maybe competitive with other magnetic confinement concepts both on the economical and technological scales. In Fig. 1 we show the last closed magnetic surface of a configuration with an aspect ratio 4.5 whose properties are similar to those of NCSX. The boundary sbape is designed such that the plasma is stable, based on numerical calculations, to the vertical displacement without the need of feedback stabilization, and is also stable to the N = l external kink mode and ballooning modes at p=4%. The configuration 0-7803-7908-W03/$17.00 02003 IEEEhas excellent quasi-axisymmetry, measured by the effective ripple [ti], which is everywhere <I%. Despite this small residue non-axisymmetry, the loss of a may be sensitive to the details of the ripple distribution and further improvement will be needed.
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The power output, P, is proportional to j3 B R /A2, with the proportionality constant being the normalized, volumeaveraged fusion reactivity. Here, p is the ratio of volume averaged plasma pressure to the magnetic pressure, B is the reference magnetic field at the axis, R is the plasma major radius, and A is the plasma aspect ratio defined as the ratio of the plasma major radius to the average minor radius around the torus. The ignition is attained when the power outflow is balanced by the power input from the charged fusion products, the a in the case of DT fusion. A systems code study [7] showed that ignition may be achieved with R=8.3 m, B=6.5 T and p=4.1%, producing 1 GW(e) power, if the ISS95 [SI scaling is used with an "H" factor of 3. Under this condition, the plasma has a current of 4.5 MA, all due to bootstrap. The current accounts for only -25% of the overall rotational transform. The average density and temperature of iondelectrons are -2*102" m-3 and -12 keV, respectively. The corresponding neutron wall load is 2 MW/m2. Alternatively, ignition may also be achieved with the same size at B=5.3 T, but with p=6,5%. Thus, a machine of smaller size may be realized if we can find a configuration with a smaller aspect ratio that is also stable at a higher beta. However, in a DT reactor, because of the tritium breeding and shielding required to protect coil windings, consideration given above based solely on the plasma properties is not adequate. One has to be able to find coils that are not only capable of producing plasmas with the desirable. properties, but also sufficiently away from the plasma to provide enough room for the blanket and shielding. Because the high order harmonics of the magnetic field decay rapidly, it may not be always feasible to place coils at an arbitrary distance from the plasma. 
COILS AND ASPECT RATtO OPTIMIZATION
As outline in section I, coils that produce the desired plasma shape (hence, its properties) may be designed by requiring that the normal component of the magnetic field on the LCMS due to the coils cancel that due to the plasma current. Because of the discrete nature of the coils, the normal field on LCMS may not be canceled exactIy, but the errors may be minimized, We require in this study that the average residual error be <0.5% and the maximum error be <2%.
Additional constraints, such as the minimum coil-to-coil separation and minimum coil-to-plasma separation may be imposed. We have examined coil designs with the minimum coil to plasma separation kom 1.2 to 1.5 m, subject to the constraint that the minimum coil-coil separation be greater than 0.85 m. We considered only the "modular" coils in this study in which the coils are wound poloidally around the torus but they may assume arbitrary shapes. Typical planer 1/R coils, as well as poloidal field coils, may be superimposed to allow manipulation of the ratio of poloidal to toroidal fields. An example of a modular coil set, two pairs of three distinctive types per field period, is shown in fig. 2 . This coil set has the basic topology similar to that of the NCSX.
We note that even with the prescribed smalI tolerance in the normal field errors, the plasma the coil produces may not necessarily have all the targeted properties. Direct optimization of the plasma properties discussed in section I may still be required, but this is a much more expensive process and should be done only after a limited set of coil options is finally chosen.
For a DT reactor, the tritium breeding and coil protection from radiation damage typically require a blanket and shield thickness in excess of 1.2 m. Fig. 3 shows the separation between the coil winding surface and the LCMS for a coil set which has a coil aspect ratio of 6.8. The separation varies I to the winding surface of a modular coil set whose topology is similar to that shown in fig. 2 but it has a coil aspect ratio 6.8 . The normalizedpoloidal angle is 9/2a and the normalized toroidal angle is Np4d2n, where Np is the number of field period.
poloidally and toroidally. The minimum separation is about 1.2 m, which is not adequate for the blanket and shield. The region where the separation is less than 1.4 m, however, is no more than 10%. High quality shield, e.g., tungsten carbide, may be used in this small region that would substantially reduce the local radial build (<1 m) without affecting the overall tritium breeding. Still, the tightness of space implies that the coil cross section has to be limited, which may result in high local current density and peak magnetic field, making the design of super-conducting coils difficult. There is clearly an incentive to reduce the coil aspect ratio to the extent possible. Decreasing the coil aspect ratio makes the coils more complex because of the rapid decay of high order harmonic contents of the magnetic field, which in turn may increase the peak field in the coil body, Fig. 4 shows the peak magnetic field in the coil as the coil aspect ratio is changed. It is seen that there is a minimum coil aspect ratio -6 below which the increased coil current and coil complexity will give rise to higher fields in the coil body, and above which the high coil current density due to the space limitation will also give rise to higher fields. For a reactor of R-8.3 m at 6.5 T, the coils with a coil aspect ratio 6 shown in fig. 2 has a minimum coil to plasma separation -1.4 m, minimum coil-coil separation -0.83 m, maximum coil current 16.5 MA, and peak magnetic field -11 T.
A smaller coil aspect ratio allows a smaller sized reactor if the required radiation shielding is minimized. Using a minimum spacing of 1.1 m to accommodate radiation shielding, vacuum vessel, insulation, coil case, and the plasma scrape-off, we show in fig. 5 the peak magnetic field in the coil as a function of the plasma major radius for the same reactor power. In arriving at fig. 5 , we fixed the plasma beta at 4.1%, but adjusted magnetic field on axis to compensate for the change in major radius (Bcc A machine with a major radius as small as 7.3 m may be possible when the peaked field in the coil is limited to 14 T. Of course, one has to take into account the effects on the particle confinement as the reactor size and magnetic field change, and the effects due to the change in neutron wall loading as well. Ultimately, a systems level study will be needed to come to an optimized design. 
IV. SUMMARY AND CONCLUSIONS
We have started to examine the reactor potential of quasiaxisymmetric stellarators with an integrated approach that includes systems evaluation, engineering considerations and plasma and coil optimizations. In this paper, we summarize the progress made in developing a QA configuration with the optimized coil aspect ratio. In a separate paper [4] , we summarized the progress made in developing configurations with the reduced a loss. To allow remotely maintaining coils and machine components in a reactor environment, there is a desire to simplify to the extent possible the plasma and coil design. To this end, finding a plasma configuration that integrates optimization of a loss and MHD stability, minimization of systems cost, and maximization of the good coil and reactor performance, remains to be an extremely challenging task.
